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Abstract 
At present, the most common type of cathode materials, NCA (Li1-xNi0.80Co0.15Al0.05O2, x = 0 to 
1), have a very high concentration of cobalt. Since cobalt is toxic and expensive, the existing 
design of cathode materials is neither cost-effective nor environmentally benign. We have 
performed density functional theory (DFT) calculations to investigate electrochemical, electronic, 
and structural properties of four types of NCA cathode materials with the simultaneous decrease 
in Co content along with the increase in Ni content. Our results show that even if the cobalt 
concentration is significantly decreased from 16.70 % (NCA_I) to 4.20 % (NCA_IV), variation in 
intercalation potential and specific capacity is not significant. For example, in case of 50% Li 
concentration, the voltage drop is only ~17% while the change in specific capacity is negligible. 
Moreover, we have also explored the influence of sodium doping in the intercalation site on the 
electrochemical, electronic, and structural properties. By considering two extreme cases of NCAs 
(i.e., with highest and lowest Co content: NCA_I and NCA_IV respectively), we have 
demonstrated the importance of Na doping from the structural and electronic point of view. Our 
results provide insight into the design of environmentally benign, low-cost cathode materials with 
reduced cobalt concentration.   
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1. Introduction: 
     One of the important requirements of cathode materials in lithium-ion batteries (LIBs) 
is their ability to intercalate lithium (Li) ions reversibly without causing significant 
changes to the atomic structure. The commonly used cathode materials are lithium Metal 
Oxides, LiMO2, where the M represents a pure or a combination of transition metals such 
as cobalt (Co), nickel (Ni), manganese (Mn), iron (Fe), and titanium (Ti).1 Among the 
transition metal oxides, lithium-cobalt-oxide, LiCoO2 (LCO) is one of the well-studied 
cathode materials due to its excellent intercalation nature, and its first successful 
commercial usage was in the year 1980.2 Other essential properties responsible for its 
commercial success are 3-4 low self-discharge, higher discharge voltage, around 500-700 
deep discharge cycle life, and relatively high theoretical specific capacity as well as 
volumetric capacity. Some of the drawbacks associated with LCO are its low thermal 
stability, rapid capacity loss with cycling, and the presence of Co,5 which makes it not 
only an expensive material but also very toxic. Among all the available cathode 
materials, LCO has the lowest reported thermal stability,6 which is also the prime cause 
of adverse safety issues related to LCOs. For example, low thermal stability causes the 
exothermic release of oxygen when heated over a certain point and eventually releases 
large amounts of energy that leads to the explosion.7 Therefore, in spite of the 
advantages, researchers are still looking for alternatives to LCO due to these drawbacks.8 
     Lithium-nickel-oxide, LiNiO2 (or LNO) is one of the commercially available 
alternatives and has a layered structure similar to that of LCO as shown in Figure 1.9 In 
LCO and LNO, the Co3+ or Ni3+ ions occupy Oh sites adjoining neighboring O2- layers, 
respectively. The transition metal ions occupy alternate layers of octahedral sites and 
rests of the layers are filled with Li+ ions. The overall crystal structure gives rise to 
rhombohedral geometry. The main reason behind the extensive commercial research on 
LNO remains the low production cost and low toxicity, compared to LCO as Ni is benign 
and much cheaper than Co. The only drawback of LNO is its structural instability (i.e., 
structural disorientation and local structure collapse) during charging process (at a highly 
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delithiated state) due to Li/Ni cation-mixing.10-11 Two main reasons that cause Li/Ni 
mixing in LNO are: (1) similar ionic radius of Li+ (0.076 nm) and Ni2+ (0.069 nm) and 
(2) partial reduction of Ni3+ to Ni2+ due to nonstoichiometric structures of LNO.12 Both 
these factors combined result in the migration of Ni2+ from the transition-metal site 
towards the Li site during synthesis and delithiation (which also blocks Li diffusion 
pathway).13  
     Two types of doping methods reported in the literature to reduce cationic disorder are: 
(a) doping in the metal-oxide block and (b) doping in the intercalation site. Among them, 
one of the strategies that holds promise is to dope LNO with other metal atoms 
(especially, transition metal atoms such as Mn, V, and Ti) in the metal-oxide block.14-17 
In addition, a small amount of cobalt doping18 and aluminum (Al) doping19 found to 
improve both thermal instability and electrochemical properties of LNO. In this regard, 
LiNi0.80Co0.15Al0.05O2 (lithium-nickel-cobalt-aluminum-oxide; NCA) cathode with 15% 
Co content achieves ubiquitous commercial success due to its high usable discharge 
capacity and long storage calendar life as compared to LNO.20 Practical usage of NCA as 
cathode material is only limited by its rapid capacity fading during charge/discharge 
cycling,10-11 which, as mentioned earlier, is due to mixing of Li/Ni cation.12, 21 Several 
studies have been reported on the strategies to improve the stability of NCA materials.16-
17, 22-23 These studies are mainly based on various cationic doping in Ni-rich cathode 
materials to cease the migration of Ni4+ ions towards Li-ion site from the transition metal 
sites. Moreover, doping in the Li-ion intercalation site is also a very important strategy in 
order to reduce the structural disorientation. Among them, magnesium (Mg)22-23 and 
Sodium (Na)24-27 are the most well-studied dopants which can be embedded into the Li-
ion site.  
     Ceder et al.28 have demonstrated by ab initio calculations on lithium-nickel-
manganese-oxide that the broadening of the inter-layer space between consecutive metal 
oxide layers by doping with a larger ion such as Na+ compared to Li+ helps in reducing 
the Li/Ni cation mixing and also eases Li-ion diffusion process. This has inspired several 
studies on doping of various intercalated cathode materials with Na including lithium-
vanadium-fluorophosphate, lithium-nickel-cobalt-manganese-oxides, lithium-manganese-
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oxides, and most importantly in NCA materials.24, 27 Another reason for choosing Na as a 
dopant is its abundance on earth’s crust that makes it inexpensive.29-30 Though Na-doped 
cathodes have slightly lower energy density compared to the un-doped Li-ion cathodes, it 
improves cycle life,24, 27 which is a higher priority for large-scale grid applications.31 
     With increased environmental and safety concerns, the recent focus32 has been on the 
high energy density and high voltage electrode materials with low toxicity and high 
thermal stability. At present, the battery industry utilizes 41% of global cobalt supplies, 
according to the cobalt Development Institute (CDI)33, and the prediction is that this 
demand will increase up to 65% within the next decade.34 On the other hand, cobalt is the 
side–product of copper (~1.3%) and nickel (~6.7%) mines and paramount portions 
(~94%) of cobalt supplies are totally dependent on global demand of nickel and copper 
(Cu).35 This level of enormous demand for cobalt will affect the market and thus 
eventually increases its price by a large amount. Hence, reducing the Co content in the 
(NCA) cathode materials not only addresses the environmental issues to some extent (by 
decreasing the toxic substances in landfills) but also reduces the cost. NCA materials are 
one of the promising examples in this direction and are regarded as one of the most 
appealing materials due to their comparable operating voltage, energy density, and ideal 
properties for practical applications.19, 36-37Tesla motors successfully employed NCA 
material with 80% Ni and 15 % Co (LiNi0.80Co0.15Al0.05O2).38-39	 Studies on LIBs so far 
have been mainly focusing on the synthesis and characterization of various cathode 
materials with high operating voltage window and high energy density.40-42 However, 
according to the best of our knowledge, very few reports exist on the effect of replacing 
Co with Ni on the structural stability and the electrochemical properties of cathode 
materials. For example, one of the recent study reports about Ni-rich NCM cathode 
materials.43  
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Figure 1. Representation of charge-discharge mechanism in lithium-ion battery. Typical 
layered crystal structure of cathode material; LMO (LCO/ LNO) [inset, zoomed in left]. 
Here the green signifies the Li/Na site and purple signifies transition metal site (Co/Ni). 
 
     Thus, our primary focus is to predict an NCA composition with lowest possible 
percentage of Co without any significant loss of electrochemical performance and 
structural stability. Our objective is to understand the structural changes and 
electrochemical behavior of NCA materials as a function of Co concentration using first 
principle approach. To this end, four different combinations were considered by 
decreasing Co concentration (z) and replacing it with Ni atoms (y). These four different 
materials are in between the range of 16.66% to 4.16% of Co content. Electrochemical 
properties, such as intercalation potential44 (V  vs.  Li/Li+)  as a function of theoretical 
capacities45 for each of the four materials (z1 = 16.66%, z2 = 12.5%, z3 = 8.33% and z4 = 
4.16%) were studied along with the impact of the same on the overall structure. Finally, 
the influence of Na doping in Li-site on two of the materials, with highest and lowest Co 
content was also investigated. Some guidelines for designing stable, cost-effective, and 
environmentally benign cathode materials in LIBs were provided.   
2. Computational Methodology 
 
All the electronic structure calculations were performed using the Density Functional 
Theory (DFT) method as implemented in Vienna Ab initio Simulation Package 
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(VASP).46 Projector augmented wave (PAW) pseudopotential is taken for the inert core 
electrons, and valence electrons are represented by plane-wave basis set.47-48 The 
generalized gradient approximation (GGA), with the Perdew–Burke–Ernzerhof (PBE)49 
exchange–correlation functionals, is taken into account. We have performed DFT+U8 
calculations using the generalized gradient approximation (GGA), with the Perdew–
Burke–Ernzerhof (PBE)9 exchange–correlation functionals. The U parameters for Ni and 
Co were chosen from the previous studies, and their values were 6.2 eV50 and 3.32 eV51 
for Ni and Co respectively. The plane wave basis was set up with a kinetic energy cutoff 
of 520 eV. Brillouin zone is sampled using gamma-centered Monkhorst−Pack scheme 
with 2 × 2 × 1 k-point grid for each of the NCA and Na-NCA species. All the internal 
coordinates are relaxed until the Hellmann−Feynman forces are less than 0.02 eV/Å. 
We have performed geometry optimization (i.e., relaxing the geometry to obtain 
the structure with the lowest energy) of each structure with varying Li numbers (n). The 
energy minimization calculation will provide us the information about the difference in 
Gibbs free energy (∆#)	and lithiation potential % & . The lithiation potential is defined 
as52-54  
 
      % & = (∆)*+,                                                                                            (1)	                
                                                           
where F is the Faraday constant, and ze is the charge (in electrons) transported by Li in 
the electrolyte. In most non-electronically conducting electrolytes, ze = 1 for Li 
intercalation. The change in Gibb’s free energy is given by the formula54 	 		∆# = #-./01 − (#-./31 + ∆&#-.)	         (2) 
 
     Where,	∆& = &2 − &1	and it signifies the total number of Li atoms transferred during 
lithiation/de-lithiation process. Here, 89:;  represents the system with &.  no of Li atoms 
and Y represents the mixed oxide. In this present study,	&.	varies from 0 – 24. is the 
total Gibbs free energy of a single Li atom in elemental body-centered cubic Li. If the 
GLi
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energies are expressed in electron volts, the intercalation potential of the 89:;< (V vs. 
Li/Li+) as a function of Li content can be shown as44  
 	 % & = (∆)∆: 	 	 	 	 	 	 	 				(3)	 
 
 The composition range over which Li can be reversibly intercalated determines the 
battery capacity. Theoretical capacity of electrode materials depends on the molar weight 
and the number of reactive electrons of the specific material. Theoretical capacity (with 
mAh/g units) has the following formula45: 	 =>	 = :	;		×	,@.B×C 	 	 	 	 	 	 	 																					(4) 
 
    where &	. is the number of reactive electrons in the formula and it is equivalent to the 
number of Li atoms present in the corresponding computational cell. M represents the 
molar weight of the active electrode material.  
         Initially, layered LiNiO2 crystal structure was considered from the available 
literature50, and then Al atom was introduced in the crystal structure followed by the Co 
atoms. The Al and Co doping were carried out via simultaneous incorporation of Al and 
Co and removal of Ni atoms respectively. In our present study, LinNimCopAl1O48 is taken 
as a template to represent the following systems: NCA_I (NCACo=16.66%): 
Li24Ni19Co4Al1O48; NCA_II (NCACo=12.5%): Li24Ni20Co3Al1O48; NCA_III (NCACso=8.33%): 
Li24Ni21Co2Al1O48; and NCA_IV (NCACo=4.16%): Li24Ni22Co1Al1O48 In order to 
investigate the effect of Na doping at Li-site, one Na atom was incorporated in each of 
the layered Li-site of NCA_I and NCA_IV. As the considered structure has two Li-
layers, overall Na incorporation results in 2 Na atoms doping in each structure. 2 Li 
atoms, each from two different layers were replaced by 2 Na atoms to generate 
Na_NCAs. In case of Na_NCA (Lin-2Na2NimCopAl1O48), we have only considered two 
structures with highest and lowest Co content and these are the following materials: 
Na_NCA_I (Na_NCACo=16.66%): Li22Na2Ni19Co4Al1O48; and Na_NCA_IV 
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(Na_NCACo=4.16%): Li22Na2Ni22Co1Al1O48. In order to account for the structural 
deformation of these systems, AIMD (Ab Initio Molecular Dynamics) simulation was 
performed under a canonical NVT ensemble at room temperature (RT) for ~5000 fs. The 
temperature of 298 K (RT) is maintained by a Nose Hoover thermostat. 
  
3. Results and Discussion  
Intercalation/insertion property is the basic requirement for a solid-state material towards 
its usefulness as a cathode material. The easy intercalation/deintercalation of cations (Li+ 
ions) without causing any non-reversible structural changes in the host material is 
responsible for its success and widespread use.9  
3.1 Effect of Co content on the electrode potentials and structural stability of 
LinNimCopAl1O48 Materials 
Optimized structures of fully lithiated NCA_I through NCA_IV (i.e., Li24 Ni19Co4 Al1 
O48, Li24 Ni20Co3 Al1 O48, Li24 Ni21Co2 Al1 O48 and Li24 Ni22Co1 Al1 O48), are shown in 
Figure 2a. The decrease in Co concentration along with the simultaneous increment in Ni 
concentration happens from NCA_I to NCA_IV while keeping the Al concentration 
constant. In this way, it will be easier to spot characteristic differences between these 
NCAs due to change in Co concentration. The most basic characteristic of any cathode 
material is its ability to enable Li intercalation process while maintaining the stability of 
the metal oxide framework. Some materials with high intercalation potential are not 
suitable for practical purpose due to their structural instability. In order to account for the 
electrochemical performance via computational studies, the changes in intercalation 
potential values were calculated for the different state of charge for four NCA materials 
with different Co concentrations. Starting from the active cathode materials (fully 
lithiated NCAs; Li = 24 in a fully lithiated state for all of the four cases), 4 Li atoms were 
removed at a time (~16.66% Li) in order to generate the consecutive delithiated 
structures. Each of these structures was fully relaxed along with the cell relaxation in 
order to study any structural deformation during the stepwise delithiation process. Figure 
2b represents the fully delithiated (when the number of Li = 0) optimized structures for 
all of the four NCA materials. The theoretical specific capacities for each NCAs vary 
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around ~ 278 mAh/g, in which NCA_IV has the highest value (278.249 mAh/g), while 
NCA_I has the lowest value (278.163 mAh/g) due to a slightly higher molecular weight 
of Co than Ni. The typical specific capacity for NCA (~279 mAh/g) is in good agreement 
with our calculated values,55 but, on the other hand, the practically achievable specific 
capacity is almost around ~200 mAh/g.55 It indicates that complete delithiation does not 
take place during the practical experimental setup. Figure 3 represents the intercalation 
potential curve as a function of theoretical specific capacity. The intercalation potential 
for each of the NCA materials is in good agreement with the available literature value for 
the most well-studied NCA (LiNi0.80Co0.15Al0.05O2).56 From Figure 3, it is clear that all of 
the NCA materials are following the similar nature as the discharge potential curve for 
the available cathode materials.20, 56 The intercalation potential for each case shows a 
steady decrease with the increment in the specific capacity. The most important 
observation is that for each of the NCAs, the average potential values do not differ much 
and it ranges from 4.36 V to 3.72 V. Among them, NCA_I (with highest Co content in 
this present study) shows the highest average potential and the lowest value is for the 
NCA_IV. As most of these cathode materials did not undergo delithiation beyond 50% 
due to potential risk of structural instability, it is essential to note the potential at 50% of 
Li content (when Li=12). In our study, the intercalation potential decreases with a 
decrease in Co content. At 50% delithiated state, the values for all the NCAs are 4.63 V 
(NCA_I), 4.17 V (NCA_II), 4.11 V (NCA_III), and 3.84 V (NCA_IV). At 50% of Li 
content, around 17 % drop in intercalation potential was observed going from NCA_I to 
NCA_IV. On the other hand, the average potential drop is only ~14.7%.  
	 10	
 
  
 
 
 
 
 
 
Figure 2. Pictorial representation of the optimized structures of a) fully lithiated NCA_I, 
NCA_II, NCA_III and NCA_IV; and b) completely delithiated NCA_I, NCA_II, NCA_III and 
NCA_IV  
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Figure 3. Comparative plot of intercalation potential (V vs. Li/Li+) with varying theoretical 
specific capacity for NCA_I, NCA_II, NCA_III and NCA_IV 
With the increase in Ni concentration, ion-mixing phenomenon described in the 
introduction,	 start playing its role to affect the structural stability. Increase in Ni 
concentration is known to affect the structural stability of NCA materials at highly 
delithiated states57-58. In order to study the structural changes due to decreasing Co 
content, we have considered the three extreme cases for NCA_I and NCA_IV and 
compared their internal bond distances: (i) fully lithiated state, where n = 24; (ii) 50% 
delithiated, where n = 12 and (iii) completely delithiated state, where n = 0.  At the 
beginning, we started our analysis by computing internal bond distances (see Table S1 of 
the supporting information) and volume changes during the delithiation process (see 
Table S3 of the supporting information). We have tabulated the changes in average intra-
layer bond distances of Ni–O, Co–O and Al–O for NCA_I and NCA_IV with decreasing 
Li–content. Note, from the Table S1, that the average metal–oxygen bond distances 
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decrease steadily with a decrease in Li–content, which is true for both NCAs; this 
decrease can be attributed to a stronger covalent nature of the metal–oxygen in the 
absence of Li. A steady decrease in the average non–bonded intra–layer Ni–Ni distances 
are also observed. On the other hand, the average non–bonded inter–layer distances are 
found to show increment with decreasing Li–content. The strength of Li–O interaction 
decreases with the decrease in Li content resulting in the predictable increase of the inter-
layer distances between metal-oxide layers. From our calculated bonded and non–bonded 
distances, it is pretty clear that with the decrease in Li–content, the average intra–layer 
distances decrease, but the average inter–layer distances increase. The lengthening of 
inter-layer distances of delithiated NCAs is evident from the fact that there is no Li left to 
form the bond with the oxygen and thus the layers are not attached through chemical 
bonds.  Thus, the absence of Li gives oxygen the liberty to form stronger bonds with the 
other metals present in the oxide layers resulting in the shortening of M–O (where M = 
Ni/Co/Al) bonds in case of NCA_Li0 as compared to the NCA_Li24. In case of NCA_I 
and NCA_IV, the volume changes (see Table S3 of the of the supporting information) 
for complete delithiation are ~0.32% and ~2.78% respectively. However, the volume 
changes at the stage of 50% delithiation are only 0.34% and 0.39% for NCA_I and 
NCA_IV respectively.  Further, we have performed room temperature AIMD simulations 
of the NCA_IV_Li0/12/24 (i.e. three cases with number of Li atoms = 0, 12 and 24) 
systems for ~5100 fs. Our simulation did not account for any significant structural 
disorientation even after complete delithiation (see Figure 4). Although, we have 
observed small changes in average inter-layer distances. However, it is evident that oxide 
layers in NCA_IV is not falling apart even in the fully delithiated state. Therefore, we 
should not dismiss the possibility of its usage as a cathode material. Thus, our DFT study 
demonstrates the scope of modification of NCA materials via systematic study of the 
effects of stepwise reduction of Co content. However, various other possibilities are still 
open to research for further modification. One such possibility is discussed in the next 
section. 
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Figure 4. Comparative room temperature AIMD simulation images of NCA_IV_Li0, 
NCA_IV_Li12 and NCA_IV_Li24 at different time frames.   
3.2 Effect of Co content on the electrode potentials and structural stability of Lin-
2Na2NimCopAl1O48 Materials 
As mentioned earlier,24, 27 a small amount of Na doping in the Li site has been recognized 
to resist structural deformation during delithiation (e.g., interlayer collapse, Li/Ni 
mixing), but it has lower energy density compared to the un-doped Li-ion cathode. In our 
study, we have incorporated a very small amount of Na (2 Na atoms per formula unit) in 
two extreme cases, such as NCA_I and NCA_IV in order to study its effect in NCA 
materials with decreasing Co content. To study the electrochemical properties, we have 
considered Na-doped NCA materials (fully lithiated active materials) with following 
formula units: (1) Na_NCA_I: Li22Na2Ni19Co4Al1O48; and (2) Na_NCA_IV: 
Li22Na2Ni22Co1Al1O48. It is essential to mention here that successful synthesis of similar 
compounds is recently reported by Hu et al.27 Optimized structures of Na_NCA_I and 
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Na_NCA_IV in fully lithiated and completely delithiated forms are shown in Figure 5a 
and Figure 5b respectively. The theoretical specific capacities for both the Na_NCAs 
vary around ~251 mAh/g, in which Na_NCA_IV has the highest value (251.569 mAh/g) 
and Na_NCA_I is the one with the lowest value (251.492 mAh/g) due to a slightly higher 
molecular weight of Co than Ni. The decrease in specific capacity is due to the presence 
of heavier Na atoms and presence of fewer numbers of Li atoms per formula unit. Hence, 
the overall theoretical capacities are lowered by a minimal amount upon Na doping 
(~9%).  
 
Figure 5. Pictorial representation of the optimized structures of a) fully lithiated Na_NCA_I, and 
Na_NCA_IV; and b) completely delithiated Na_NCA_I, and Na_NCA_IV. 
Figure 6 represents a comparative curve of intercalation potential (V vs. Li metal 
potential) as a function of specific capacity for Na_NCAs. From Figure 6, it is clear that 
each of the Na_NCA materials is following the similar nature as the discharge potential 
curve for the available cathode materials. The intercalation potential for each case shows 
a steady decrease with the increment in the specific capacity as similar to their NCA 
counterparts (Figure 3). The average potential values observed for Na_NCA_I and 
Na_NCA_IV are 4.68 V and 4.14 V respectively and apparently, there is only 11.5% 
drop in the overall average potential value by going from Na_NCA_I to Na_NCA_IV. 
Moreover, an overall increment in intercalation potential is also noticeable for the Na 
counterparts as compared to their non-Na counterparts. For the cathode materials with the 
lowest Co content (p = 1; NCA_IV and Na_NCA_IV), Na_NCA_IV shows an increment 
of ~11.3% of the overall average potential as compared to the NCA_IV. This observation 
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is expected from the knowledge gained regarding the presence of bigger Na in Li-site, 
which eventually eases up Li intercalation. So, in spite of a slight decrease in the 
theoretical specific capacity, the Na-doped NCAs are one of the viable options from the 
point of view of increased intercalation potential. Moreover, Na doping in Li site has 
been distinguished as a beneficial strategy to reduce the electrochemical polarization 
effect resulting in stabilization of the structure as compared to the un-doped species.24, 27 
Na-doped structures are also identified to possess enhanced surface properties and 
improved cycle performance.24
 
Figure 6. Comparative plot of intercalation potential (V vs. Li/Li+) with varying theoretical 
specific capacity for Na_NCA_I and Na_NCA_IV. 
We have also compared the various structural features of the Na_NCA_I and 
Na_NCA_IV in order to study the effect of decreasing Co content on the Na-doped 
materials. Intra-layer and inter-layer average bond distances of the fully lithiated, 50% 
lithiated and completely delithiated Na_NCAs are tabulated in Table S2 of the 
supporting information file. The inter-layer Ni–O, Co–O and Al–O bond distances in 
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both the Na_NCAs show a steady decrease upon delithiation. The similar trend is 
followed by NCAs as well (see Table S1 of the supporting information). It is obvious 
from the fact the Metal (M) and Oxygen forms stronger bonds in the absence of Li due to 
the lack of Li–O bond. However, in case of the Na_NCAs, the M–O bonds are not getting 
shorter upon delithiation as in the case of NCA. This is probably due to the presence of 
existing Na–O bond even after the complete delithiation. The same is true for Ni–Ni 
intra-layer bond distances as well. The most important observation is the extent of 
increment in the average inter-layer Ni–Ni bond distances (see Table S1 and Table S2 of 
the supporting information). The increment of the average inter-layer Ni–Ni bond 
distances is ~ 11.5 % going from NCA_IV to Na_NCA_IV. This is due to the presence of 
Na in Li-site even after complete delithiation. Moreover, the presence of large Na atoms 
are known to increase the volume of the host materials in large extent and so happens in 
our case as well (see Table S3 of the supporting information).59 It is important to mention 
here that the changes in volume upon delithiation in the present Na_NCA systems are 
more than NCA systems. However, the magnitude of volume changes for Na_NCAs is 
not very high and they are only ~4.7% and 6.08% for Na_NCA_I and Na_NCA_IV 
respectively. Further, room temperature AIMD simulations of the Na_NCA_IV_Li0/12/24 
(i.e. three cases with number of Li atoms = 0, 12 and 24; see Figure 7 a-c respectively) 
systems for ~5100 fs did not suggest any significant structural changes even after the 
complete delithiation. Although, the average inter-layer distances underwent changes 
during delithiation and throughout the AIMD simulation, the overall structure is not 
collapsing. The inter-layer distances in Na_NCAs are observed to be more as compared 
to the NCAs and it is due to the presence of Na atoms in the Li-site even after the 
complete delithiation. The most important observation is that at the end of our AIMD 
simulation for Na_NCA_IV, we found that distances between the metal oxide layers are 
far more uniform than that of NCA_IV (see Figure 4 and 7). The uniformity in the 
structure is due to the presence of 1 Na atom in each Li layer indicating the existence of 
Na–O bonding. It eventually prevents the oxide layers from falling apart even in a highly 
delithiated scenario. The reason behind the lower inter-layer distances in case of 
Na_NCA_IV_Li22/10 (i.e. two cases with number of Li atoms = 22 and 10) is due to the 
presence of stronger Li–O bond along with the weaker Na–O bond. The inter-layer 
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distances increase in the case of Na_NCA_IV_Li0 (number of Li atoms = 0). Though Na 
helps to keep the uniformity in the inter-layer distances, the increment in distances takes 
place due to the weaker nature of Na–O bond as compared to the Li–O bond.60 It is 
obvious from our study that NCA_IV lacks this stability gain from Na. Thus, our 
calculations explore the possibility of simultaneously introducing two major 
modifications in NCA materials, which are Na doping in the intercalation site and effects 
of Co reduction. 
 
Figure 7. Comparative room temperature AIMD simulation images of NCA_IV_Li0, 
NCA_IV_Li12 and NCA_IV_Li24 at different time frames. 
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Figure 8. Schematic projected density of states (PDOS) for i) NCA_I (from a to c) and (ii) 
NCA_IV (from d to f).   
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Figure 9. Schematic projected density of states (PDOS) for i) Na_NCA_I (from a to c) and (ii) 
Na_NCA_IV (from d to f).  
3.3 DOS analysis of LinNimCopAl1O48 and Lin-2Na2NimCopAl1O48 Materials 
          In order to understand changes in electronic properties during the course of 
lithiation/delithiation, we also have incorporated Density of States (DOS) analysis for 
NCAs and Na_NCAs (see Figure 8 and 9 respectively). In this present study, we have 
considered NCA_I, NCA_IV, Na_NCA_I and Na_NCA_IV at 100% (Li24/22) (i.e. 
number of Li atoms = 24 for 100% lithiated NCA_I/IV and number of Li atoms = 22 for 
100% lithiated Na_NCA_I/IV), 50% (Li12/10) (i.e. number of Li atoms = 12 for 50% 
lithiated NCA_I/IV and number of Li atoms = 10 for 50% lithiated Na_NCA_I/IV) and 
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0% ((Li0) (i.e. number of Li atoms = 0 for fully delithiated NCA_I/IV and 
Na_NCA_I/IV)  Li concentrations. The atomic DOS distributions will give us an idea 
about the combined effects of the decrease in Co content and the simultaneous increase in 
Ni content along with the overall reduction of Li content on electronic properties, in case 
of NCAs and Na_NCAs. In case of NCA_IV, the most important observation is that at 
100% delithiated state (Li0), the behavior of the local DOS around Fermi level is getting 
changed and indicating an insulator kind of behavior (Figure 8f). At 50% delithiated 
state (Li12), NCA_IV shows metallic behavior (Figure 8e) and it is well known fact that 
it is hard to delithiate cathode materials beyond 50% from the practical purpose due to 
possible structural deformation.61 So, NCA_IV also remains as a viable option as a 
suitable cathode material. NCA_I maintains the metallicity at each stages of delithiation 
(Figure 8a-c). In this case, due to the presence of more numbers of cobalt atoms, a 
significant overlap between oxygen’s 2p orbital and cobalt’s 3d orbital takes place near 
Fermi level and thus makes the electron density continuous and eventually maintains the 
metallic behavior throughout. Moreover, the higher Co content shifts the Fermi level 
(drags electron density closer to t2g orbitals from eg) of mixed transition metals closer to 
the oxygen’s 2p orbitals and thus accounts for the higher potential.  
 
          The electronic structure of cathode materials has a substantial impact on the 
voltage. In LiMO2 (where MO2 represents mixed metal oxide), the average oxidation 
state of the transition metals (Co and Ni in this case) is 3+.62 In the fully lithiated state, 
Co3+ (3d6) acquires a low-spin configuration (t2g6eg0) in an Oh environment of oxide ions.9 
The t2g orbitals are energetically close to the oxygen 2p orbitals and thus signify stronger 
overlap between these orbitals. On the other hand, Ni3+ (3d7) adopts a low-spin (3d7) 
configuration (t2g6eg1)9 , but full occupancy of the t2g levels ensures that one must focus 
on the single electron of the eg orbitals. Here overlap between eg orbitals with oxygen’s 
2p orbitals also gives rise to strong interactions. In case of higher Ni content, Fermi level 
resides near the higher energy eg orbitals, whereas, Fermi level resides near the lower 
energy t2g level in case of systems with higher Co content. These locations of Fermi level 
results in lower intercalation potential for materials with high Ni content (high Fermi 
level) as compared to the materials with higher Co content. Previous studies also agree 
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with this explanation.2, 63-66 Extraction of Li atoms are known to be associated with the 
partial oxidation phenomenon of Ni3+ and Co3+.9 Partial oxidation of Ni3+( 3d7 
configuration; t2g6eg1) to Ni4+(3d6 configuration; t2g6eg0) decides the position of Fermi 
level, which is near t2g orbitals due to the vacant eg orbitals. In case of Co3+( 3d6 
configuration; t2g6eg0), partial oxidation to Co4+(3d5 configuration; t2g5eg0) maintains the 
position of Fermi level close to oxygen 2p band.  
 
           Most importantly, DOS images of Na_NCA_IV show an overall continuation of 
the electron density near the Fermi level even at the completely delithiated state (Figure 
9f). This observation can be explained from the fact that during delithiation, the partial 
oxidation of Ni3+ and Co3+ reduces in some extent due to the presence of Na atoms in the 
Li-site. Thus Na_NCA_I and Na_NCA_IV show almost equivalent DOS images over the 
entire course of lithiation/delithiation. The lesser the extent of overall changes, such as 
structural, electronic and intercalation potential, more suitable will be the materials to use 
for the practical purpose. In this order, Na_NCAs, specially Na_NCA_IV with very low 
Co content is one of the lucrative alternatives. Low cost of Na due to its abundance 
compared to Li67 and prediction of the scarcity of Li resources in the foreseeable future 
are other essential aspects of inserting Na in the rechargeable Li-ion batteries for large-
scale applications.68 Thus, despite its low energy density, Na ion is known as an adequate 
alternative due to its abundance, low-cost, safety, and environmental non-lability.69-71 In 
this study, we have incorporated a very small fraction of Na in order to account for the 
changes with respect to the electrochemical properties of our studied NCA materials. But 
in future, a higher fraction of Na incorporation can also be beneficial to reduce the 
fraction of Li for large-scale applications. The decrease in Co concentration from 
Na_NCA_I/NCA_I to Na_NCA_IV/NCA_IV is ~75%, whereas, increase in Ni 
concentration for the same is only 15.8%. Overall, this reduction in Co concentration 
significantly reduces the total cost by ~28.7 USD/lb. Detail discussion regarding cost 
reduction is provided in the section I of the supporting information. Our results envisage 
an appealing strategy of modification of the NCA materials from the point of view of 
large-scale applications. 
	 22	
Our study demonstrates a strategic approach in order to design a modified NCA 
material via step by step reduction of Co concentration and utilize the added advantage of 
Na doping. Our sole objective is to provide a clear understanding of the overall 
phenomenon from the point of view of DFT methodology.  It is important to mention that 
we have not considered all the phenomena72  occurring in the electrochemical cell and 
thus our calculated potential values differ slightly from the experimental values. To be 
specific, we have not considered the probable effect of electrolyte used in the particular 
cell. Moreover, oxidation and delithiation of cathode materials occur simultaneously with 
the reduction and lithiation of anode materials (Graphite). Thus the overall intercalation 
potential depends on both the cathode and anode materials, and we have not considered 
any effect concerning the anode material.8  
4. Conclusion 
                In summary, we have performed DFT calculations to investigate four types of 
NCA cathode materials with generalized formula LinNimCopAl1O48. In addition, we have 
also investigated two types of sodium doped NCAs, i.e., Na_NCAs with the generalized 
formula Li(n-2)Na2NimCopAl1O48. We have compared our calculated potential and 
established that the trend is similar to the previously published literature. The decrease in 
Co content (from NCA_I to NCA_IV) marginally reduces the overall intercalation 
potential for each value of Li concentration, but this extent of decrease becomes 
negligible in case of practical and economical purposes. For example, the overall 
potential drop is only ~14.77% while the change in specific capacity is insignificant (in 
the range of ~278 mAh/g for all four NCA structures). However, the decrease in cobalt 
concentration connotes a considerable cost reduction for the battery industries and 
shrinks the consequences of cobalt–poisoning accordingly. We have also explored the 
possible structural deformation (bonding and non-bonding distances of the layered 
material) of NCA_IV in case of 100% delithiation and incorporated the comparative bond 
distances (inter and intra-layer) of fully lithiated and fully delithiated moieties in our 
study. It can be quantified from our calculations that overall changes in the bond 
distances are inconsequential. Finally, the role of sodium doping in the NCA type 
cathode materials is extensively investigated due to its role to decrease the Li/Ni cation 
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mixing during delithiation. Moreover, the decrease in overall potential value for 
Na_NCAs with decreasing Co content is only ~11.5%. Most importantly, the uniformity 
in inter-layer distances between the metal oxide layers is maintained during delithiation 
in case of Na_NCAs even in the case of lowest Co content (Na_NCA_IV). The 
uniformity in the oxide layers during delithiation is an essential feature in order to resist 
the structural collapse and it is clear from the AIMD simulations that Na_NCA_IV (at 
100%, 50% and 0% Li concentration) maintains the structural uniformity during the 
course of simulation.  
 The combined DFT and AIMD investigation advocate the use of NCA materials 
with lowest possible Co content and the potential of incorporating sodium in order to 
prevent the collapse of metal oxide layers and resist Li/Ni cation mixing. Limited use of 
Co is one of the most critical concerns for the ever-growing battery industry due to its 
environmental hazards, high cost, and undersupply. Thus, our detailed first principle 
calculations on NCA type cathode materials depicts a thorough systematic investigation 
on the broad range of varying Co content. Our study provides an essential atomistic level 
fundamental insight into the efficient design of cathode materials for next-generation 
batteries.  
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Section I. Cost-effectiveness with reduced cobalt concentration 
We can estimate the overall cost effectiveness as follow:  
Cobalt cost/lb (15th March, 2018)4 = 39.58 USD  
Nickel cost/lb (15th March, 2018)5 = 6.21 USD  
Cost reduction due to decrease in cobalt concentration = 29.68 USD/lb 
Cost increment due to increase in nickel concentration = 0.98 USD/lb 
The overall cost saving = 28.7 USD/lb 
Most importantly, the cost of Cobalt increased in significant extent during the last year itself. 
The increment between January 2017 (14.2 USD/lb) and March 2018 (39.58 USD/lb) is ~25.38 
USD/lb. An overall 75% reduction of Co concentration will not only lead to huge cost saving for 
the battery production, but it also implements an additional environmental benefit due to the 
reduction of overall toxicity. Moreover, NCA_IV and Na_NCA_IV, containing mostly Ni, are 
perfect agents for economical usage due to the cheaper cost and higher capacity of Ni as 
compared to the Co.6-8.  
Table S1. Comparison of structural parameters (inter atomic distances) of  NCA_I and NCA_IV 
for fully lithiated, 50% lithiated and completely delithiated states. 
System avg. bond 
dist. (Ni-O) in 
Å 
avg. bond 
dist. (Co-O) 
in Å 
avg. bond 
dist. (Al-O) in 
Å 
avg. intra 
layer bond 
dist. 
 (Ni-Ni) in Å 
avg. inter 
layer dist. 
(Ni-Ni) in Å 
NCA_I_Li24 2.003 1.931 1.932 2.879 5.053 
NCA_I_Li12 1.912 1.903 1.925 2.835 5.153 
NCA_I_Li0 1.866 1.882 1.899 2.831 5.228 
NCA_IV_Li24 1.948 2.001 1.942 2.867 5.039 
NCA_IV_Li12 1.894 1.984 1.924 2.834 5.155 
NCA_IV_Li0 1.856 1.874 1.896 2.780 5.216 
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Table S2. Comparison of structural parameters (inter atomic distances) of  Na_NCA_I and 
Na_NCA_IV for fully lithiated, 50% lithiated and completely delithiated states. 
 
 
Table S3. Cell volume change of NCA_Is, NCA_IVs during the lithiation/delithiation process. 
System Volume Å3 
NCA_I_LI0 822.124 
NCA_I_LI12 816.688 
NCA_I_LI24 819.508 
NCA_IV_LI0 795.612 
NCA_IV_LI12 815.183 
NCA_IV_LI24 818.368 
Na_NCA_I_LI0 876.721 
Na_NCA_I_LI10 837.450 
System avg. bond 
dist. (Ni-O) 
in Å 
avg. bond 
dist. (Co-O) 
in Å 
avg. bond 
dist. (Al-O) 
in Å 
avg. intra 
layer bond 
dist. 
 (Ni-Ni) in Å 
avg. inter 
layer dist. 
(Ni-Ni) in Å 
Na_NCA_I_Li22 1.970 1.887 1.948 2.887 5.109 
Na_NCA_I_Li10 1.898 1.881 1.937 2.867 5.231 
Na_NCA_I_Li0 1.894 1.873 1.917 2.871 5.610 
Na_NCA_IV_Li22 1.975 1.944 1.942 2.898 5.113 
Na_NCA_IV_Li10 1.906 1.892 1.931 2.824 5.347 
Na_NCA_IV_Li0 1.886 1.885 1.910 2.787 5.893 
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Na_NCA_I_LI22 837.058 
Na_NCA_IV_LI0 880.819 
Na_NCA_IV_LI10 836.747 
Na_NCA_IV_LI22 830.356 
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